that represses the transcription of adjacent RNA pol II genes in a heritable fashion (termed telomeric position effect, or TPE [4, 5]). This silent subtelomeric chromatin is found clustered near the nuclear envelope (NE) in discrete foci [6][7][8][9][10] 
Maintenance of both TPE and the telomere-associIn addition, because spheroplasting impairs analysis of bud presence and size, changes due to cell cycle proated pools of Sir factors requires a highly conserved end binding heterodimer, yKu70/80 (reviewed in [25] ). gression could not be accurately monitored. Fluorescence imaging of a GFP-lac repressor fusion bound to This multifunctional complex is essential for the repair of double-strand breaks by nonhomologous DNA end an array of lac operator sites (lac op ; [34] ) inserted in subtelomeric sequences allows visualization of individjoining [26] , yet it also shields native ends from degradation and fusion [27] and may contribute to telomerase ual telomeres in living cells. Coexpression of a nuclear pore-GFP fusion permits a cell-by-cell analysis of telorecruitment in yeast [28] . Importantly, FISH studies using a YЈ and [TG 1-3 ] probe show that the perinuclear anchormere position with respect to the NE and allows assignment of cell cycle stages based on bud size and nuclear ing of telomeres is partially compromised in yKu mutants (i.e., deletions of HDF1 or HDF2 [8, 24]).
shape [33] . Using these methods, telomeres (Tel) VI-R, XIV-L and The Ku complex binds to terminal [TG 1-3 ] n sequences independently of the telomere's silencing status [27] but VIII-L were tagged with lac op sequences without altering their native subtelomeric repeats ( Figure 1A) , and threeassociates with repressed subtelomeric chromatin in a Sir-dependent manner [29] . Like Rap1p, yKu nucleates dimensional (3D) focal stacks of growing yeast cells were scored for telomere position. Their distribution in repression through interaction with Sir4p when targeted to internal reporter genes and can therefore help recruit G1, early S (eS), and mid-to-late S (mlS) phases of the cell cycle is shown in Figure 1 . To calculate the position Sir complexes to telomeres [29] . A recent report shows that yKu70p binds a nuclear myosin-like protein, Mlp2p of the telomere relative to the nuclear periphery, telomere-to-pore distances were scored in the focal plane [30] , a member of a conserved family of coiled-coil proteins that is found along the inner face of the NE in yeast with the brightest GFP-lac repressor signal. This value was divided by the nuclear diameter in that particular [31] . These workers propose that yeast telomeres are attached to pores through the yKu-Mlp interaction [30] .
focal plane, and the ratio was scored relative to three zones of equal surface ( Figures 1A and 1B) . If a given On the other hand, it was previously shown that YЈ FISH signals do not colocalize with the staining of integral telomere were randomly distributed in the nucleus, it would be found with equal frequency (33%) in each pore components [10] and that telomeres fail to relocalize when pores shift to one side of the nucleus in a zone, which is the case for several lac Figure S1 [see the Supnup133 mutant [32] .
op -tagged internal chromosomal domains ([33] and
To resolve the discrepancies concerning the mechaplementary Material available with this article online]). In G1 phase, all three native telomeres show a signifinisms of yeast telomere anchoring, we have tagged native chromosomal ends with binding sites for a GFP-lac cant enrichment in the peripheral-most zone (zone I), which has a width of only ‫81.0ف‬ m (0.184 ϫ r). The repressor fusion, allowing us to characterize the position and dynamics of telomeres in living yeast cells [33] [34] [35] [36] .
percentage of telomeres found within zone I ranges from 49% to 71% in early S phase, values significantly higher Using strains lacking yKu and Sir proteins, we identify two partially redundant pathways for telomere anchorthan those expected for a random distribution (see legend of Figure 1 for 2 analysis and p values, n Ͼ 200 for ing and show that neither requires Mlp1 or Mlp2. Surprisingly, the two tethering mechanisms differ in their relaeach strain). The efficiency of anchoring varies from telomere to telomere but does not correlate strictly with tive efficiency in G1 and S phases of the cell cycle and in their relative importance at different telomeres. The the length of the chromosome arm or with the presence or absence of YЈ elements or STR, an X-associated reSir-dependent anchoring pathway allows a means for repressed chromatin to position itself autonomously peat with antisilencing effects (based on published sequences and unpublished results, Figure 1A ). Indeed, within the nucleus, mechanistically linking telomere localization with transcriptional silencing in vivo.
Tel VI-R, which has neither element, and Tel XIV-L, which has both, have similar distributions, while Tel VIII-L, which also has both elements, is weakly anchored in Results G1 and mid-to-late S phases ( Figure 1B) .
Quantitation of the Subnuclear Position of Yeast Telomeres in Living Cells
Telomere Dynamics in Interphase and Mitosis Rapid time-lapse confocal microscopy of the GFPThe labeling of budding yeast telomeres with YЈ and [TG 1-3 ] n FISH in interphase cells, coupled with countertagged Tel VI-R allows us to further characterize the spatial constraints imposed on yeast telomeres. As prestaining for nuclear pores and/or telomeric proteins, suggested that the 32 telomeres cluster in 6-8 foci [10] .
viously demonstrated, 300-400 sequential images can be acquired at 1.5-s intervals without a detectable imRoughly 70% of these foci could be mapped to a peripheral zone corresponding to half the nuclear volume [10, pact on the immediate cell division cycle [35] . Timelapse analysis shows that Tel VI-R is not immobile at 33]. Quantitative analysis of a truncated, GFP-tagged telomere in fixed cells stained for the nuclear envelope the nuclear periphery, but that it moves back and forth along the NE, occasionally moving into the nucleoplasm gave similar results [16] . These approaches provided a snapshot view of a population of cells at a given time (see Movie 1 showing Tel VI-R in G1 phase in the Supplementary Material). This is in contrast to an integral mempoint but could not resolve whether only a subset of telomeres are anchored (e.g., 30% of all telomeres are brane component such as the spindle pole body (SPB), which remains continuously associated with the pore stably internal), or if positions are simply very dynamic (e.g., that a given telomere is peripheral 70% of the time).
signal [35] . Although a sporadic deformation of the NE 
0.28) is indistinguishable from that measured in wt cells
To reconcile the lack of change in telomere position documented here for the mlp1 mlp2 double mutant with (see above), in contrast to the very large diameters detected for mlp1 mlp2 nuclei in published FISH studies the published FISH results, we propose that the double deletion renders nuclei more labile, such that nuclear [ discriminate between these, we tested the localization of Tel VI-R in sir-deficient strains and under conditions enhancement of telomere dynamics or as a redistribution event, which places a subpopulation of Tel VI-R that increase the efficiency of TPE. The effects on telomeric silencing were scored in the same GFP-tagged at fixed internal sites. This ambiguity is again readily resolved by time-lapse microscopy, which confirms that strain by integrating a URA3 reporter fused to [TG 1-3 ] n at Tel VII-L (Table 1) An analysis of radial step size shows a near absence test this correlation at a native telomere, we introduced mutations into the Tel VI-R tagged strain to improve of Ͼ0.5 m movements for Tel VI-R in wt interphase nuclei, while, in the hdf1 mutant, there are, on average, telomeric silencing. Deletion of RPD3, which encodes the catalytic subunit of a histone deacetylase complex seven per 10 min ( Figure 3C) . The "released" Tel VI-R is nonetheless more constrained than an internal chro- [38] , improves silencing efficiency at telomeres and the mating type loci, possibly due to SIR3 upregulation (Tamosomal domain in wt (10 Ϯ 3 large movements per 10 min [35] ). As a further control that the telomere moveble 1, [38, 39] ). Consistently, the rpd3 disruption shifts Tel VI-R to an extreme perinuclear position in mid-toment is independent of nuclear rotation or NE deformation, we note that the SPB makes no detectable movelate S phase cells ( Figure 4A ). This improved anchoring is Sir dependent: the disruption of sir2 in the rpd3 strain ment Ͼ0.5 m (Figure 3C ).
Absolute dynamics, rather than radial movements, abolishes the perinuclear enrichment of Tel VI-R, leaving a distribution similar to that in the sir2 mutant alone can be shown graphically by projecting Tel VI-R's trajectory during one time-lapse sequence, determined after ( Figure 4A ; a statistical comparison between sir2 and sir2 rpd3 distributions gives p ϭ 0.30 for G1, p ϭ 0.26 alignment of nuclear pore signals, onto a single x-y plane (red trace, Figure 3D ). Tel VI-R is seen to "sample" a for eS, and p ϭ 0.35 for mlS). In parallel, we sought to improve repression through large fraction of the nucleus within 5 min in the hdf1 mutant, similar to internal chromosomal sites in wt cells the modulation of telomere-associated proteins. By deleting the gene encoding Rif1p, a Rap1 interaction factor [35] . The wild-type Tel VI-R, on the other hand, makes a crescent-shaped track close to the nuclear periphery.
that competes for Rap1-Sir protein interactions, we are able to improve TPE ( -ADE2-TG retains its perinuclear attachment despite the absence of yKu. To confirm that yKu is funcchor telomeres, it was necessary to restore silencing in a yKu-deficient strain. This is possible by creating a tionally inactivated in this strain, we monitored TPE of the subtelomeric ADE2 gene by using a colony color double rif1 hdf1 mutant, as described in Figure 5A [41]. Rif1p competes with Sir proteins for binding to the Rap1 assay ( Figure 6B ). Indeed, subtelomeric repression of the ADE2 gene is lost in the strain lacking yKu, producing C terminus. Under normal conditions, yKu is thought to help Rap1p recruit Sir4p to telomeres, as the combined white rather than sectored colonies. The persistence of Tel VI-R::lac op -ADE2-TG anchoring Rap1-Sir and yKu-Sir affinities overcome the competition imposed by Rif1p. In the rif1 mutant, Rap1p recruits in the absence of yKu suggests that other proteins are efficiently tethering this truncated telomere, despite its Sir4p more efficiently, restoring TPE in the absence of yKu [41] . As previously reported, TPE is restored in the low level of silencing. The obvious candidate would be the Sir complex, and, in particular, Sir4p, which was hdf1 rif1 mutant (Table 1) Figure 6C) . Surprisingly, the sir4 mutation rif1 and wt: p ϭ 1.5 ϫ 10 Ϫ3 for G1, p ϭ 0.42 for eS, and p ϭ 0.31 for mlS). This improved tethering is entirely Sir alone is sufficient to delocalize the truncated telomere 
